K idney disease has been commonly reported among patients infected with HIV. Among HIV-infected persons cared for at an outpatient infectious diseases clinic in the US from 2000 to 2002, the estimated incidence of renal failure was 5.9 cases per 100 personyears. 1 Another study in a London clinic from 1998 to 2005 estimated the incidence of acute kidney injury among HIV-infected outpatients to be 2.7 per 100 person-years. Black race has been associated with kidney injury among both HIV-infected 2 and HIV-uninfected 3 persons, with HIV-associated nephropathy occurring almost exclusively among persons of African descent. In the United States, HIV disproportionately affects the Black population; in 2012, 41% of Americans living with HIV identified as Black. 4 Although the incidence of HIV-associated nephropathy has decreased in the era of ART, 5 the number of HIVinfected persons with comorbidities associated with kidney disease, such as hypertension, has increased due, in part, to longer life expectancies. 6, 7 Between 22% and 73% of patients in the prior studies of renal disease incidence were prescribed ART. As a greater proportion of patients are prescribed ART, updated estimates of renal disease among HIV-infected patients are needed.
Current US guidelines recommend that ART be given to all HIV-infected patients. 8 Randomized controlled trials demonstrated that immediate initiation of ART improves morbidity and mortality even in persons with CD4þ cell counts >500.
9,10 Early ART may decrease immune activation, leading to persistent benefits after viral suppression is achieved. HIV actively replicates in kidney cells, and even low levels of viremia have been associated with declines in renal function. 11 Cumulative plasma HIV burden may be a better measure of immune system activation 12 that can have deleterious effects on the kidney compared with a single baseline VL measurement. Decreasing this immune activation with early and sustained HIV VL suppression may decrease the risk of renal disease, outweighing the risks posed by ART.
The antiretroviral drug tenofovir disoproxil fumarate (TDF) is nephrotoxic; results from a meta-analysis found that ART regimens containing TDF were associated with a mildly increased risk of acute renal failure compared with those without TDF (risk difference: 0.7%; 95% CI: 0.2-1.2). 13 Tenofovir alafenamide has similar efficacy to TDF despite lower plasma levels of tenofovir, resulting in improved reported renal safety profiles. 14, 15 Since approval of tenofovir alafenamide by the Food and Drug Administration in 2015, 16 the Department of Health and Human Services HIV guidelines recommended 5 initial ART regimens for treatment-naïve patients that did not include TDF. 8 Prior versions of the guidelines included TDF in all recommended initial regimens; providers now have the option of starting patients at risk of renal disease on a non-TDF-containing regimen.
In addition to TDF, hypertension has been shown to be an independent risk factor for renal disease among HIV-infected persons.
2 HIV-infected adults are 32% more likely to have hypertension than HIV-uninfected adults, and this risk is increased even after controlling for factors such as race. 17 Despite these findings, no studies have examined the effects of specific antihypertensive medications on the renal function of HIV-infected persons. According to the Eighth Joint National Committee guidelines for hypertension management, thiazide-type diuretics are recommended as first-line treatment, regardless of race, and HIV status does not affect the selection of therapy. 18 The exact mechanism by which thiazide diuretics lower blood pressure is unknown, but an initial reduction in extracellular fluid and plasma volume can lead to volume contraction. 19 Prerenal etiologies account for an estimated 38% of renal failure in HIV-infected patients. 1 It is unknown whether the mild prerenal state induced by thiazide therapy predisposes patients to tenofovir-induced nephrotoxicity.
The primary goal of this analysis was to describe the incidence of renal disease in treatment-experienced HIV-infected patients in an outpatient setting, and to examine if renal disease was associated with a recent TDF prescription. The secondary goal was to identify risk factors for renal disease among HIV patients on ART, most of whom were virally suppressed. Updating estimates and identifying correlates of disease may help guide clinical and programmatic efforts to prevent and treat kidney disease in high-risk populations.
METHODS

Setting and Subjects
This analysis used data from the DC Cohort, a longitudinal, observational cohort study that collects clinical data on HIV-infected patients receiving care in 14 clinics in Washington, DC. Participants' data were abstracted from medical records and entered into a web-based data entry system called Discovere (Cerner Corporation, Kansas City, MO). The study protocol, consent forms, and research instruments were approved by the George Washington University Institutional Review Board, the DC Department of Health Institutional Review Board, and the Institutional Review Boards of the individual study sites. Details of the DC Cohort study design have been described previously. 20 
Eligibility Criteria
We included HIV-infected adults ($18 years old) who consented into the DC Cohort from January 1, 2011, through March 31, 2015, and were prescribed ART for $14 days. We excluded patients with <2 serum Cr laboratory values during the study period, a baseline GFR <15 ml/min per 1.73 m 2 , or chronic kidney disease (CKD) stage V or end-stage renal disease (as defined using International Classification of Diseases, Ninth Revision codes 585.5 or 585.6) at study entry. We also excluded any patient whose ART ended before consent because information before enrollment was scarce, limiting our ability to determine previous episodes of renal disease. The index date (start of analytic period) was 14 days after the start of ART. If patients were on ART for $14 days at the time of study consent, then the index date was the date of consent. Data were censored at the earliest of any of the following: onset of renal disease, 28 days after ART discontinuation, loss to follow-up, death, or June 15, 2015.
Outcomes GFR was calculated using the Modification of Diet in Renal Disease equation. 21 There is considerable variability in how prior studies defined renal disease. We modified the RIFLE (Risk, Injury, Failure, Loss of kidney function, and End-stage kidney disease) criteria for the outpatient setting in order to differentiate more acute changes from worsening CKD. The RIFLE classification defines acute kidney injury as an increase in serum Cr by 2 times the baseline, or a decline in GFR by >50% within 7 days, or an abrupt decrease in urine output. 22 Because patients in the outpatient clinic setting rarely have blood tests repeated within a week or urine output measured, we defined renal disease as a decrease in GFR by >50%, or a doubling of serum Cr within 3 months at any time during the analytic period. Similar to prior studies, we did not require the laboratory value to be repeated given that such a dramatic change in renal function would not be expected to be spurious. 23, 24 We chose 3 months as a cutoff because the Kidney Disease Outcomes Quality Initiative defines CKD as lasting for $3 months. 25 Exposure Ascertainment and Covariates For the purposes of descriptive statistics (Table 1) , we compared 2 groups: patients prescribed TDF versus those who had never been prescribed TDF at any point during the study period. For multivariate analysis, exposure to TDF was treated as time-varying. Incident renal disease was considered associated with TDF only if it occurred within a time range that the patient was prescribed the drug: from 14 days after TDF initiation to 28 days after TDF was stopped. Cumulative VL burden was measured as viremia copy-years. AUC VL was measured as time-varying during the study period. Cumulative VL was calculated as the AUC of longitudinal log 10 transformed VL measurements taken from the start of observation to either time of incident renal disease or end of observation period. We normalized patient-level AUC VL by each patient's respective length of follow-up time. 3 at enrollment, AUC VL, baseline GFR, coinfection with hepatitis B, coinfection with hepatitis C (HCV), diabetes mellitus, hypertension, and use of nonsteroidal anti-inflammatory drugs.
Statistical Analysis
For the multivariable models, we used the serum Cr test date when renal disease was first noted as the right censor time point. To assess the adequacy of this approach, we performed a sensitivity analysis using a middle point approach, in which the midpoint between the serum Cr test date when renal disease was first noted and the immediate prior serum Cr test date was used as the imputed outcome time. For all statistical tests, a 2-tailed P value <0.05 was considered statistically significant. Analyses were performed using SAS v9.4 (SAS Institute Inc, Cary, NC).
RESULTS
Baseline Characteristics
Among 7746 patients, 6068 (78%) were included in this analysis ( Figure 1 ) for a total of 12,202 person-years of follow-up. Most patients were male (71%), identified as non-Hispanic Black (77%), and had a median age of 48 years (interquartile range 38-55) ( Table 1 ). The most common risk factor for HIV transmission was men having sex with men (38%) followed by high-risk heterosexual behavior (33%) and injection drug use (IDU) (8%). Most patients had well-controlled HIV infection: 82% had VL <400 copies/ml at study entry, whereas only 3% had VL >100,000 copies/ml; similarly, 88% had a CD4 count $200 cells/mm 3 . A normal baseline GFR ($90 ml/min per 1.73 m 2 ) was observed in 52% of patients and 93% had a baseline GFR $60. The median baseline GFR was 91 ml/min per 1.73 m 2 . Few patients were prescribed nephrotoxic medications during the study, such as nonsteroidal anti-inflammatory drugs (8%), diuretics (5%), and aminoglycosides (<1%). The median number of serum Cr laboratory values resulted per patient in the cohort was 8; the mean number of serum Cr laboratory values was 5.4 per patient-year (data not shown).
Most patients (83%) had been prescribed TDF at some point during the study period. Table 1 compares patients who had ever been prescribed TDF with those never prescribed TDF. Patients prescribed TDF were younger (median age 47 vs. 52 years, P < 0.01) and had higher baseline GFR (median 93.0 vs. 78.0, P < 0.01). Viral suppression was similar between the 2 groups (81% vs. 85%, P ¼ 0.06). Compared to those without TDF exposure, a smaller proportion of patients prescribed TDF had diabetes mellitus (10% vs. 17%, P < 0.01), hypertension (28% vs. 44%, P < 0.01), HCV infection (13% vs. 20%, P < 0.01), and were prescribed a diuretic (4% vs. 7%, P < 0.01). Only 50% of patients with hypertension were prescribed antihypertensive medications (data not shown). Among patients on antiretroviral and antihypertensive medications, 77.5% were prescribed diuretics, including 61.9% on thiazide diuretics. A greater proportion of patients on a TDF regimen had hepatitis B infection (4.1% vs. 2.1%, P < 0.01).
Incidence of Renal Disease
We observed 131 episodes of new-onset renal disease during our study period. The overall incidence rate (IR) of renal disease was 0.77 cases per 100 personyears (CI: 0.65-0.90) (Figure 2 ). Patients aged 55 and 
Renal Disease Risk Factors
For the multivariable Cox proportional hazard model, the assumption in proportional hazards over time for patients ever on TDF versus those never on TDF was first graphically examined with Kaplan-Meier curve and then statistically tested using c 2 in the Cox regression model. No visual, nor strong statistical, evidence of disproportionality in hazard was found between the 2 patient groups.
After controlling for potential confounders, older patients (aHR per 10 years: 1.4; CI: 1.1-1.7) and diabetic individuals (aHR: 1.6; CI: 1.0-2.4) were more likely to experience an episode of renal disease ( Table 2) Sensitivity analyses between the right and middle point censoring approaches with the multivariable Cox regression models showed no significant differences in parameter estimates and thus led to the same conclusions on covariate effects as stated previously (data not shown).
DISCUSSION
We provide estimates of renal disease in a large, urban, multicenter cohort of HIV-infected patients. These estimates were derived during an era when, compared with prior studies, early initiation of safer, moreeffective ART was recommended. Using a strict definition adapted from the RIFLE classification, we found a substantial burden of renal disease among patients prescribed ART. Higher cumulative VL was associated with renal disease; however, in a population in which most patients were virally suppressed, traditional risk factors, such as advanced age and lower baseline renal function, were also associated with renal disease.
Our study updates the clinical findings on renal disease in the outpatient HIV setting. We found renal disease incidence to be 0.77 episodes per 100 personyears. Our estimate differs substantially from prior studies, but direct comparisons are difficult due to the lack of a standard definition. An analysis of the HIV Outpatient Study data from 2001 to 2005 among patients on ART found the incidence rate of renal disease (defined as a doubling of serum Cr within 1 year) was 0.71 and 0.36 per 100 person-years among TDF-exposed and TDF-unexposed patients. 23 However, because this The log AUC VL was calculated as the log of the cumulative area under the curve of longitudinal HIV viral load measurements taken from the start of observation to either time of incident renal disease or end of observation period.
d Incident renal disease was considered associated with TDF exposure only if it occurred within a time range that the patient was prescribed the drug: from 14 days after TDF was initiated to 28 days after TDF was stopped.
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estimated incident renal disease in the general HIV cohort. A study of patients attending a single North Carolina HIV clinic from 1998 to 2005 defined acute renal failure as an increase in serum Cr by >1.36 mg/dl or >50% above baseline or a reduction in GFR by >40% within 3 months; the reported incidence was 2.7 per 100 person-years. 24 In another study of HIVinfected patients in a single outpatient setting from 2000 to 2002 by Franceschini et al.,
1 acute renal failure was defined as a 50% decrease in GFR or an increase in Cr by 0.5 mg/dl if the baseline was #1.9; an increase in Cr by 1.0 if the baseline was 2.0 to 4.9, or an increase in Cr by 1.5 if the baseline was $5.0; they reported an incidence of 5.9 per 100 person-years. 1 When applying the latter, broader definition to our data, our renal disease incidence was lower than prior estimates (1.76 episodes per 100 person-years [CI 1.59-1.96]).
In the study by Franceschini et al., 1 the high acute renal failure incidence may be because only 68% ever received ART and 38% had VL >10,000 copies/ml. In our study, although patients with higher cumulative VL had shorter time to incident renal disease, most patients had achieved virologic suppression at baseline. Similarly, few patients in our study had immunologic failure: 10% had CD4 counts <200 at enrollment.
Despite better control of HIV, our estimates still exceeded the upper estimate of community-based incidence of acute renal failure found in a study of non-HIV-infected Kaiser Permanente patients from 1996 to 2003 (0.55 per 100 person-years). 29 The Kaiser cohort was also not directly comparable because all patients had private insurance, the study included acute renal failure during hospitalizations, and used the broader acute renal failure definition described previously. However, their denominator included outpatients and provides the best available estimate of renal disease incidence rate in the general community. Multiple factors may have contributed to the high burden of renal disease in our cohort despite mostly successful ART. Our study population was composed of mostly Black patients, who are at higher risk of kidney disease. [30] [31] [32] Sepsis-associated kidney injury and nephrotoxicity of HIV itself may contribute to the higher incidence of renal failure, but the risk for both are lowered by viral suppression. 7, 24 Viral replication has been implicated in kidney function decline, independent of CD4 count. 11, 33 Prior studies have linked higher VLs to renal disease, although this finding was based on a single VL measurement. 1, 2 We found that every log increase in cumulative VL was associated with a 10% increased risk of renal disease. This suggests that earlier time to viral suppression could lead to lower renal disease incidence. Based on recent trials, guidelines now recommend starting ART on all HIV-infected patients, regardless of baseline CD4 count or viral load. Most notably, the START study was a multinational randomized control trial of ART-naïve adults that showed a reduction in serious events and death in early initiation of ART compared with deferred initiation. 10 The primary composite outcome in the START trial included endstage renal disease and death from renal disease, but excluded less severe kidney disease. Future studies should explore the impact of earlier ART initiation on renal function.
The presence of CKD was a predictor of incident renal disease in our cohort, with a trend toward higher risk as baseline GFR declined. Lower GFR has been correlated with acute renal failure in patients with HIV in studies conducted during pre-and early ART eras. 2, 27 This relationship between CKD and acute renal failure has been long recognized in non-HIV populations. 34 As patients with HIV live longer, 6 they will be increasingly faced with comorbidities such as diabetes mellitus and hypertension. These known risk factors will likely increase the prevalence of CKD in this population. Process measures such as measurement of proteinuria and early nephrology referral have been shown to improve outcomes in patients with CKD. 35 Biomarkers may aid in early detection and halt progression of CKD. 36 A focus on process measures and biomarkers for CKD may improve outcomes in HIVinfected patients, even in those with suppressed VL.
Moreover, HCV coinfection and IDU had a trend toward association with renal disease. HCV coinfection has been previously associated with acute renal failure in patients with HIV. 1 An estimated 16% of patients with HIV in the United States are coinfected with HCV; among IDUs with HIV, most are coinfected with HCV. 37 In our analysis, collinearity of HCV and IDU may make it difficult to tease out their independent effects on renal disease. HCV coinfection may contribute to renal disease in multiple ways: liver disease predisposes to infection, diuretic therapy for ascites can reduce renal perfusion, and cirrhosis can result in hepatorenal syndrome. 1 Active HCV infection itself is associated with higher rates of nephritis, nephrotic syndrome, and nephrosis. 38 Curative treatment for HCV has been shown to be associated with resolution of cryoglobulinemia complications, including glomerulonephritis. 39 Antiviral treatment of HCV is associated with improved renal outcomes overall. 40 Given that patients coinfected with HIV/ HCV have more rapid progression of liver fibrosis than their HCV mono-infected counterparts, 41, 42 HCV treatment with coinfection is paramount.
Unsurprisingly, most (83%) patients in our cohort had been prescribed TDF at some point during the study period. After adjustment for other risk factors, we found no association between recent TDF exposure and renal disease. This is likely because clinicians followed guidelines and avoided TDF in patients with a GFR <60 or who were at risk for renal disease; only 3% of cohort patients ever prescribed TDF had a baseline GFR <60 ml/min per 1.73 m 2 . TDF has been associated with some loss of kidney function in a large proportion (63%) of patients, 43 but the estimated reduction in Cr clearance is mild (mean 3.92 ml/min). 13 Overt renal failure due to TDF is rare; one study reported 0.3% of patients developed renal failure. 44 When TDFassociated kidney injury occurs, it has usually been reported with concomitant medications that either increase TDF levels (such as protease inhibitors) or are also nephrotoxic. 13, 45 In our cohort, few patients were on nonsteroidal anti-inflammatory drugs (6%), or aminoglycosides (<1%), but 41% were on TDF and a protease inhibitor.
Although hypertension has been previously identified as a risk factor for kidney disease in patients with HIV, 2 we did not find a strong association between hypertension and renal disease. We did not take into account control of blood pressure, which would likely affect this association. In a separate subanalysis, we examined the effect of diuretics on renal disease, positing that the diuretic-induced prerenal state may make patients more susceptible to the nephrotoxic effects of TDF. There was no increase in renal disease among patients prescribed diuretics, even when given concomitantly with TDF. This may be partly explained by the fact that plasma volumes return to normal 4 to 6 weeks after initiation of thiazide diuretics; their antihypertensive effects are maintained via vasodilatory pathways. 19 We did not always have the date that medications were started, so we are unable to comment on the risk of renal disease in the few weeks after diuretic initiation when plasma volumes are reduced.
Similarly, we did not find a statistically significant association between Black race and renal disease. HIVassociated nephropathy almost exclusively occurs in Black patients with low CD4 counts and uncontrolled HIV infection. 46 Although our study population was mostly Black, the high rates of viral suppression and low proportion of patients with CD4 count <200 likely explains part of the decreased racial disparity in incident renal disease.
The association that we found between Public, Other insurance and renal disease may have multiple explanations. Those with Public, Other insurance had a higher frequency of laboratory monitoring, improving our ability to detect a rise in Cr within 3 months (and thus meet our outcome definition). There may be other confounding variables that we were unable to adjust for, such as severity of comorbidities and hospital admissions, that were associated with insurance provider. For example, if patients with poorly controlled diabetes were more likely to have Public, Other insurance than those with well-controlled diabetes, this would likely result in higher rates of renal disease, explaining the apparent association between insurance status and renal disease.
Our study has other limitations that are inherent to analysis of cohort data. We did not have data before consent into the cohort; we are thus unable to factor in variables such as nadir CD4þ cell count or baseline VL before ART initiation. Patients hospitalized with community-onset renal disease would not have been captured in our analysis. Medication data were extracted from electronic health records; we did not confirm adherence via drug-level measurement or pharmacy data. Over-the-counter medications, such as nonsteroidal anti-inflammatory drugs, may not have been captured. Similarly, we did not have data on duration of TDF exposure. However, most cases of TDF-associated tubular dysfunction have been reported within the first year 45 ; prolonging exposure to TDF did not increase the risk of incident renal disease substantially in prior studies. Also, as mentioned previously, future analyses of risk factors for renal disease in patients with HIV should account for control of hypertension.
Despite these limitations, our study provides updated estimates on incident renal disease in a large HIV cohort that is representative of the urban population in Washington, DC. In a population with mostly successful viral suppression, we found a substantial burden of renal disease among patients with HIV, underscoring the need for continued vigilance in monitoring kidney function and addressing modifiable risk factors.
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